Small neutrally buoyant oil droplets are difficult to remove from water under any condition, but this difficulty is compounded in oil spills in open water. While floating oil can be collected using several existing methods, there are currently few practical methods for recovering neutrally buoyant oil dispersed in the water column. In this work, a large number of cavitation generated microbubbles, small enough to attach to oil droplets and large enough to help the droplets rise to the surface in a timely manner were effectively used for oil recovery.
Introduction
In the 2010 Deepwater Horizon oil spill in the Gulf of Mexico, only 15-20% of the total oil released was estimated to have reached the surface to form the primary oil slick, an additional 25% was dissolved into the water, 24% was lost as gas or through volatilization, and 31% was trapped in the water column as small neutrally buoyant oil droplets [1] . There are existing technologies for removing floating oil from the water surface, such as booms, skimmers, and chemical dispersants [2] - [9] . However, there are few available methods for removing and recovering neutrally buoyant submerged oil within the subsurface water column.
In this project, air flotation by means of microbubble injection with DYNASWIRL ® bubble generators was developed to remove neutrally buoyant oil droplets from the water column. While the mechanism of the attachment of gas bubbles to particles or droplets in a host liquid is quite complex, it is generally accepted that the removal efficiency of this process is highly dependent on the relative sizes of the bubbles used and the particles to be removed [11] - [12] . Hence there is a significant advantage to using micro-bubbles in air flotation processes for enhanced removal of dispersed oil and emulsions and energy efficiency. A disadvantage of this is that the rise time of very small bubbles can be very long. However, if a range of bubble sizes is present small bubbles of the same size range as the oil droplets can attach to them and form oil-bubble complexes [11] . The larger bubbles, which rise faster, will then entrain the bubble-oil complexes and lift them to the surface for collection.
The DYNASWIRL ® cavitating jets bubble generators create microbubble plumes with diameters ranging from a few microns to a few hundreds of microns (depending on operating conditions) to lift neutrally buoyant oil droplets to the surface where they were extracted using conventional oil recovery schemes.
Results
The bubble generators developed in this project (DYNASWIRL ® Bubble Generators) are based on cavitating jet nozzles, which have the capability to produce both very small bubbles < 10 µm, and larger bubbles, 50 -300 µm diameters, at the same time. The cavitation in the jets is obtained with the help of specially designed nozzles, which induce cavitation in vortical structures of the submerged water jets. In this project we selected the swirling cavitating jet, DYNASWIRL ® , which achieves cavitation at high cavitation numbers (i.e. low jet velocities or low pump pressures) through a swirling flow inside the nozzle. Swirl is achieved passively by means of internal tangential injection slots, resulting in a central vortex. The DYNASWIRL ® can generate cavitation at low pressures (only a fraction of the pressure required to induce cavitation using a conventional nozzle) and high flow rates, thus providing a more economical option for the deployment of bubble generators in this practical application. In addition, the DYNASWIRL ® has the advantage of generating very large cavity surface areas (the vortex core) that starts inside the nozzle assembly and extend in front of the nozzle orifice ( Figure 1 ). Breakup of this cavity into bubbles at the nozzle exit results in a large number of very fine bubbles. Also, additional air can be injected in the liquid flow or the vortex core to further increase the generated bubble numbers and sizes. *Corresponding Author, Gregory Loraine: gregl@dynaflow-inc.com processed using the image analysis software, ImageJ. Figure 3 shows the bubble size distribution of nine bubble generators operated at 15 psi, a water flow rate of 26.5 lpm, and an air injection rate of 0.46 lpm.
Neutrally buoyant Anadarko, ANS, and HOOPS crude oil droplets were also generated by using a cavitating jet to produce an oil water emulsion in a large drum and then injecting the mixture into the test tank. This resulted in oil droplets of diameters ranging from 20 µm to 150 µm. Figure 4 shows the particles trajectories from image analysis of a) almost neutrally buoyant ANS oil droplets, b) bubbles generated by DYNASWIRL ® and c) a mixture of bubbles and oil particles. These were obtained from high speed photography in the 6 foot cube 1,350 L tank (Figure 1 , middle picture) in salt water with a salinity of 35 ppt. As the traces show, the oil particles, being small (20 µm to 150 µm) and nearly neutrally buoyant, have short trace lengths (corresponding to rise speeds between 0.3 and 5 mm/s) and the trajectory picture is almost empty. On the other hand, the movies taken with the bubbles generated by the DYNASWIRL ® in the clean water before dispersing the oil, show relatively very long traces corresponding to rise speeds between 3 and 5 cm/s. When the DYNASWIRL ® bubbles are generated in the water polluted with dispersed ANS crude oil the rise speed is much larger than with the oil droplets alone and a little lower than the bubbles in clean water (~ 0.3 to 1.5 cm/s). The oil recovery experiments were run using three types of crude oil (Anadarko, HOOPS, and ANS) by adding bubbles only for the first 20 minutes of the experiment after which bubble addition stopped. The reasoning was that it takes a long time for the very small bubble to rise to the surface, so for a 240 minutes test we cannot see the effect of the bubbles inserted after the 20 minutes. The oil that reached the surface was recovered using a floating tube skimmer that ran continuously to collect the recovered oil, and as shown in the figures, the oil continued to be collected at a relatively high rate well after the bubble injection stopped.
The recovery of the three types of crude oil with and without the addition of bubbles is shown in Error! Reference source not found.. In all three cases, the recovery of crude oil was much higher when microbubbles were injected into the oil plume. However, HOOPS oil seemed to be the hardest of the three to collect and ANS the easiest. This difference among different oil types could be attributed to the composition differences among different oil types that affect the balance of coalescence and repulsion between oil droplets and bubbles. Also, the differences in the properties between the different oils will change the efficiency of the surface skimmer used to collect the oil. However, we did not observe any visual differences in the operation of the skimmer. The operation of the bubble generators and their oil recovery performance were tested for fresh water and for two additional water salinity levels: 10 and 35 parts per thousands (ppt), corresponding to estuary and seawater salinities. The oil recoveries increased with salinity and were significantly higher at 35 ppt.
Conclusion
The removal of neutrally buoyant oil droplets by means of air bubble flotation was investigated. The bubbles were generated using cavitating jet nozzles as bubble generators (DYNASWIRL ® bubble generators). High speed videos were recorded and image analysis software were used to characterize the sizes, numbers, and rise speeds of bubbles produced under varying operating conditions. The bubbles produced were in the range of 20 µm to 300 µm.
The rise speed of ANS oil droplets, bubbles, and oil droplets during flotation in water with 35 ppt salinity were measured using high speed videography. The rise speeds for the oil droplets were between 0.0147 mm/s and 0.16 mm/s. The rise rates for the air-oil mixture was between 0.3 mm/s and 1.6 mm/s, while the bubble rise speeds were between 30 mm/s and 50 mm/s.
